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Cherry-Allen KM, Gidday JM, Lee JM, Hershey T, Lang CE. Remote limb ischemic conditioning enhances motor learning in healthy humans. J Neurophysiol 113: 3708 -3719, 2015 . First published April 1, 2015 doi:10.1152 /jn.01028.2014 .-Brief bouts of sublethal ischemia have been shown to protect exposed tissue (ischemic conditioning) and tissues at remote sites (remote ischemic conditioning) against subsequent ischemic challenges. Given that the mechanisms of this protective phenomenon are multifactorial and epigenetic, we postulated that remote limb ischemic conditioning (RLIC) might enhance mechanisms responsible for neural plasticity, and thereby facilitate learning. Specifically, we hypothesized that conditioning of the nervous system with RLIC, achieved through brief repetitive limb ischemia prior to training, would facilitate the neurophysiological processes of learning, thus making training more effective and more long-lasting. Eighteen healthy adults participated in this study; nine were randomly allocated to RLIC and nine to sham conditioning. All subjects underwent seven consecutive weekday sessions and 2-wk and 4-wk follow-up sessions. We found that RLIC resulted in significantly greater motor learning and longer retention of motor performance gains in healthy adults. Changes in motor performance do not appear to be due to a generalized increase in muscle activation or muscle strength and were not associated with changes in serum brain-derived neurotrophic factor (BDNF) concentration. Of note, RLIC did not enhance cognitive learning on a hippocampusdependent task. While future research is needed to establish optimal conditioning and training parameters, this inexpensive, clinically feasible paradigm might ultimately be implemented to enhance motor learning in individuals undergoing neuromuscular rehabilitation for brain injury and other pathological conditions. remote limb ischemic conditioning; motor learning; behavioral training ISCHEMIC CONDITIONING is an endogenous phenomenon in which exposure of a target organ or tissue to one or more brief episodes of sublethal ischemia results in protection of that organ against subsequent ischemia (Dirnagl et al. 2009; Gidday 2006; Iadecola and Anrather 2011; Stetler et al. 2014) . Beneficial effects of ischemic conditioning were first demonstrated in the heart (Jennings et al. 1991; Murry et al. 1986 ). Intraorgan conditioning, achieved via intermittent occlusion of a remote coronary artery, resulted in reduced infarct size (Przyklenk et al. 1993 ). Subsequently, it has been found that the effects of ischemic conditioning are not confined to within an organ and can be transferred from one organ to another, a phenomenon called remote ischemic conditioning. With this approach, a brief period of tissue ischemia at one site induces widespread systemic protection of other tissues. For example, cardiac tissue has been protected via brief renal (McClanahan et al. 1993; Pell et al. 1998 ) and mesenteric (Gho et al. 1996; Patel et al. 2002) ischemia. Remote ischemic conditioning is advantageous because similar levels of protection can be achieved without exposing the target tissue to direct stress (Gidday 2006) .
Remote limb ischemic conditioning (RLIC) (Kharbanda et al. 2002 (Kharbanda et al. , 2009 ) is a clinically feasible method to deliver ischemic conditioning, since episodes of ischemia and reperfusion can be easily induced in a limb with a blood pressure cuff. A wealth of data exists indicating the cardio-and neuroprotective benefits of RLIC in animal models (Birnbaum et al. 1997; Gidday 2006; Oxman et al. 1997; Ren et al. 2008; Tapuria et al. 2008) . The clinical utility of ischemic conditioning was extended when it was discovered that the magnitude of protective effects is relatively similar regardless of whether the conditioning is provided before injury (preconditioning), during the injurious event (periconditioning), or shortly after the injury (postconditioning) (Laskey 2005; Saxena et al. 2010; Staat et al. 2005; Zhao 2013; Zhao et al. 2003) .
In humans, the cardioprotective effects of RLIC have been demonstrated repeatedly (Ali et al. 2007; Botker et al. 2010; Brevoord et al. 2012; Cheung et al. 2006; Hausenloy et al. 2007 ) and the neuroprotective effects are beginning to emerge (Hougaard et al. 2014) . RLIC is safe and well-tolerated in critically ill patients with subarachnoid hemorrhage (Koch et al. 2011) , and brief repetitive bilateral arm ischemia performed twice daily for 300 consecutive days was found to significantly reduce the incidence of stroke in patients with intracranial arterial stenosis compared with disease-matched control subjects (Meng et al. 2012) . Interestingly, chronic remote limb hypoperfusion that occurs as a result of untreated peripheral vascular disease also produces a neuroprotective effect in people with acute stroke as measured by clinical outcome and infarct volume (Connolly et al. 2013 ).
The exact mechanisms by which RLIC affords cardio-and neuroprotection remain unclear, but the robust protection obtained in preclinical studies is strongly indicative of a pleiotropic response. There is substantial evidence that supports active mechanisms involving inflammation, oxidative stress, apoptosis, excitotoxicity, metabolism, and glial and vascular function (Brooks and Andrews 2013; Hausenloy and Yellon 2008, 2011; Hess et al. 2013; Ishida et al. 1997; Koch 2013; Lim et al. 2010; Liu et al. 2009; Saxena et al. 2010; VintenJohansen and Shi 2013) . Mounting data support the theory that multiple humoral factors may be involved (Dickson et al. 1999; Koch 2010; Koch et al. 2014) and that the conditioning stimulus triggers myriad changes in gene expression (both upand downregulation) secondary to complex epigenetic modulations of the genome (Brand and Ratan 2013; Stapels et al. 2010; Stowell et al. 2010; Thompson et al. 2015) , resulting in transient or long-lasting changes in phenotype. In fact, there appear to be two distinct windows of protection, the first of which manifests immediately after ischemic conditioning and lasts for 2-3 h and the second of which appears 12 h after ischemic conditioning and lasts for 48 -72 h (Hausenloy and Yellon 2009, 2011; Kuzuya et al. 1993) . The multifactorial and epigenetic nature of the mechanisms opens the possibility that RLIC might induce some of the same systemic and neural mechanisms responsible for neural plasticity, and thereby facilitate learning.
The purpose of this first-in-humans trial was to test whether RLIC, administered via repetitive blood pressure cuff inflation/ deflation, could enhance motor and cognitive learning in a homogeneous group of neurologically intact human adults. This proof-of-concept study specifically probes for systemwide facilitation of learning that can be explained by the RLICinduced generation of humoral factors, rather than focal facilitation of learning that could be attributed to cortical reorganization resulting from altered sensorimotor inputs that occur with ischemic nerve block. We hypothesized that combining RLIC with training would facilitate the neurobiological processes of learning and make training more effective and more long-lasting. We included measures of muscle activation, muscle strength, and serum brain-derived neurotrophic factor (BDNF) in an attempt to elucidate how RLIC influences learning. We show that RLIC robustly facilitates motor learning; RLIC could therefore have great potential for enhancing outcomes in a wide range of clinical applications.
MATERIALS AND METHODS
Experimental design. This study used a repeated-measures design with nine total sessions to examine the effects of RLIC combined with motor and cognitive training on learning in neurologically intact adults (Fig. 1) . This study was approved by the Washington University Human Research Protection Office and was conducted in compliance with the Helsinki Declaration. All participants provided informed consent prior to beginning the study and were compensated for their time.
Participants. Eighteen neurologically intact adults were recruited for participation in this study. Participants were included if they were 1) 18 yr of age or older and 2) had sufficient cognitive skills to actively participate, determined during a standardized interview. Exclusion criteria were determined by self-report and included 1) history of neurological condition, balance impairment, or vestibular disorder; 2) history of attentional disorders that could affect learning (ADD, ADHD); 3) history of sleep apnea (Drager et al. 4-week follow-up testing* Fig. 1 . Experimental design. There were 9 total sessions: 7 consecutive weekday sessions (D1-D7) and 2 follow-up sessions (FU1, FU2) 2 and 4 wk after D7. *Items were completed in a randomized order. BDNF, brain-derived neurotrophic factor. 2013); 4) history of lower extremity condition, injury, or surgery that could compromise performance on the motor task; 5) any extremity soft tissue, orthopedic, or vascular condition or injury that may contraindicate RLIC (uncontrolled hypertension, peripheral vascular disease, hematological disease, severe hepatic or renal dysfunction); 6) any cognitive, sensory, or communication problem that would prevent completion of the study; 7) current use of medication for systemic inflammation or spasticity or treatment with selective serotonin reuptake inhibitors, which could decrease nervous system excitability (Koch and Gonzalez 2013); 8) current weight lifting or interval training exercise, which could alter serum neurotrophic factors and confound the effects of RLIC (Ding et al. 2011; Yarrow et al. 2010) ; and 9) current substance abuse or dependence. These criteria were established to ensure a relatively homogeneous sample that optimized our potential to detect an effect of RLIC on learning.
Order of experiment. This experiment included seven consecutive weekday sessions (D1-D7) and two follow-up sessions (FU1, FU2) , shown in Fig. 1 . During the first session (D1), participants provided informed consent and demographic data. Each participant then completed pretest measurements of 1) serum BDNF concentration, 2) the motor task, 3) the cognitive task, 4) finger flexor muscle activation, and 5) grip strength. Serum BDNF concentration was measured first to avoid the confounding effects of physical activity on BDNF concentrations. The sequence of pretest motor task performance, cognitive task performance, and muscle activation/grip strength performance was randomized. After pretesting, participants were randomly assigned to the RLIC or sham conditioning group via a random numbers generator in MATLAB. Participants were blinded to their group assignment, meaning that they were not told whether they were receiving RLIC or sham conditioning. Once randomized, participants underwent one set of RLIC or sham conditioning. During the second session (D2), which took place the following day, participants underwent RLIC or sham conditioning.
Participants returned for the next five consecutive weekdays for sessions that included conditioning plus training (D3-D7). These sessions consisted of RLIC or sham conditioning, immediately followed by 15-20 min of both motor and cognitive training, in a randomized order. Details of motor and cognitive training are outlined below. Five sessions that included conditioning plus training were selected because this period of time is adequate to assess learning but is unlikely to result in performance plateaus and does not present an excessive time burden for participants Schaefer and Lang 2012; Wulf et al. 2003) . Learning on the motor and cognitive tasks as well as changes in muscle activation, muscle strength, and serum BDNF concentration were evaluated through posttests at the end of the seventh session (D7). Finally, two follow-up sessions (FU1, FU2) took place 2 and 4 wk after session D7. Follow-up sessions, consisting of assessments of performance on the motor and cognitive tasks, were included to evaluate retention.
Remote limb ischemic and sham conditioning. RLIC was achieved via blood pressure cuff inflation to 200 mmHg on the nondominant upper extremity (Botker et al. 2010; Hausenloy et al. 2007; Koch et al. 2011; Meng et al. 2012) . Sham conditioning was achieved via blood pressure cuff inflation to 10 mmHg below the individual's diastolic blood pressure, also on the nondominant upper extremity (Koch and Gonzalez 2013). The nondominant extremity was determined by self-report and was chosen as a practical matter, in order to ensure consistency in administration. Periodically, a pulse oximeter was placed on the index finger of the conditioned arm in order to confirm that ischemia was being achieved in participants in the RLIC group (oxygen saturation reading of 0 or "error") and that ischemia was not occurring in participants in the sham conditioning group (oxygen saturation reading equivalent to preconditioning measure). In addition to periodic oxygen saturation checks, visual inspection of the conditioned limb was also done intermittently to ensure that the color and temperature of the limb remained unchanged in participants undergoing sham conditioning whereas the distal limb of participants in the RLIC group was cool and pale, indicating that ischemia was occurring. One set of RLIC or sham conditioning consisted of five cycles of alternating 5 min of inflation and 5 min of deflation. These are the timing and dose of RLIC that were shown to produce effects in human cardio-and neuroprotective trials (Botker et al. 2010; Hougaard et al. 2014) and are well tolerated by participants. One set of RLIC or sham conditioning was performed in sessions D1-D7. The goal of including conditioning without training during the first two sessions (D1, D2) was to prepare the central nervous system for subsequent motor and cognitive training. To assess the effect of participant blinding, participants were asked to identify whether they believed that they had been assigned to the RLIC or sham conditioning group upon completion of the study.
We monitored participants for pain and/or adverse cardiovascular effects before, during, and after RLIC or sham conditioning. Treatment was terminated if 1) pain levels were Ͼ6 on a 10-point numerical pain rating scale, 2) oxygen saturation levels were Ͻ80%, 3) heart rate was Ͻ40 or Ͼ110 beats/min, or 4) systolic blood pressure was Ͻ80 mmHg or Ͼ150 mmHg. For the purpose of safety monitoring, oxygen saturation, heart rate, and blood pressure were measured on the arm not undergoing conditioning.
Motor task. The motor task used for this study was a stability platform balance task (Lafayette Instrument model 16030L) (Cherry et al. 2014; Taubert et al. 2010) . The stability platform itself features integrated electronic tilt angle measurements (angle measurement resolution 1.0°), experimenter-selectable balance thresholds (angle limit setting resolution 1.0°), digital angle readouts, platform re-zero ability, and built-in timing functions for test and rest timing (timing resolution 0.001 s). This task engages multiple systems of the brain including the vestibular system, visual system, motor system, somatosensory system, and cognitive centers. Successful performance on the stability platform task requires that a subject anticipate changes in posture and coordinate muscle activation in response to self-induced perturbations. The stability platform task was selected because decreased dynamic balance is a significant contributor to fall risk (Toraman and Yildirim 2010) and maintaining stability during dynamic activities is required for daily activities such as walking and reaching. Moreover, we chose this motor task that engages a broad range of brain systems in order to distinguish the systemic neuroplastic effects of RLIC from focal changes in the sensorimotor cortex that could result from brief periods of limb deafferentation. Participants were instructed to stand on the platform with feet facing forward and to keep the platform level for as many seconds as possible during a 30-s trial. Performance was quantified by measuring the cumulative amount of time (to the tenth of a second) that a participant maintained the stability platform Ϯ3°of horizontal during each trial. Participants performed 90 total trials including 5 pretest trials during D1, 15 trials on each during D3-D7, and 5 trials during each of the two follow-up sessions (FU1, FU2). The final five trials during D7 (trials 76 -80) served as the posttest measure of performance on the stability platform. Trials were separated by 30 s of rest. A hand rail was positioned in front of the stability platform for safety. Use of the handrail was permitted for initial balance and positioning; however, no upper extremity support was allowed during a trial. After each trial on the stability platform, participants were told how many seconds they maintained the platform in balance. No feedback was given regarding balance or postural strategies, allowing participants to develop their own techniques and adapt their movement strategies based on trial and error.
Cognitive task. An associative recognition task was used to measure hippocampus-based learning (Bunge et al. 2004; Duzel et al. 2003) . Participants were given a study period during which they were shown 60 "target" nonword-image pairs in a random order (stimulus presentation ϭ 750 ms, interstimulus interval ϭ 1,000 ms). Participants were instructed to associate and remember the 60 target pairs. After the study period, participants completed a trial in which they were shown 60 pairs in a random order and were instructed to indicate whether each pair was a target pair or a novel "foil" pair by pressing the 1 or 2 key, respectively, on a standard keyboard (stimulus presentation ϩ response time ϭ 750 ms, interstimulus interval ϭ 1,000 ms). Foil pairs were pairs in which the nonword, the image, or both were not target items or in which the nonword and the image were incorrectly paired target items. The number of target pairs included in a trial ranged from 15 to 35 pairs. This range was established to increase task difficulty and prevent participants from discerning a pattern of the number of "target" and "foil" responses for a given trial. Each participant performed one pretest (D1), five training (D3-D7), and two follow-up (FU1, FU2) trials of the associative recognition task. The trial in D7 served as the posttest measure of performance on the associative recognition task. The participants were not given a study period before the follow-up assessments and thus were required to remember target pairs for approximately 2 and 4 wk.
Instructions, stimuli, and feedback were presented electronically on a laptop computer screen with E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA). Nonwords (e.g., "piction") were displayed in size 18 Courier New font on the left side of the screen while the image of a familiar object (e.g., apple, chair) appeared on the right side of the screen. Nonwords were selected from a database of nonwords provided by the English Lexicon Project (Balota et al. 2007 ). All nonwords were pronounceable and five to seven letters in length and had no more than two syllables. Images were selected from a bank of Microsoft Clip Art. All images were single items, considered to be familiar to most American adults.
Performance on the associative recognition task was evaluated with a measure of discriminability (Pr) and reaction time (RT) (Snodgrass and Corwin 1988) . Pr reflects the degree of accuracy with which a participant is able to discriminate between target pairs and foil pairs. Higher values indicate greater discriminability. RT was defined as the amount of time between stimulus presentation and subject response, averaged across all correct responses. Response times shorter than 150 ms were considered anticipatory responses and were excluded from RT analysis. Participants received immediate feedback about the accuracy of each response as the word(s) "correct," "incorrect," or "no response detected" appeared on the screen for 500 ms after each stimulus. These variables were computed with the following formulas (Snodgrass and Corwin 1988; Wolf et al. 2011): Prϭhit rate Ϫ false alarm rate (1) where hit rate ϭ (0.5 ϩ no. of correct targets)/(1 ϩ no. of total targets) and false alarm rate ϭ (0.5 ϩ no. of incorrect foils)/(1 ϩ no. of total foils).
RT ϭ sum of amount of time between stimulus presentation and subject response for all correct responses ⁄ no. of correct responses
Data from two participants (1 in each group) were excluded from cognitive task analysis. Reasons for exclusion were 1) an abundance of anticipatory responses during all trials, indicating a lack of task engagement (sham conditioning participant), and 2) limited command of the English language (RLIC participant).
Measures of muscle activation and strength. To distinguish the effects of learning from more generalized increases in muscle activation and strength, we measured finger flexor electromyographic (EMG) activity and grip strength of the upper extremity. We chose measures of the upper extremity in order to dissociate the effects of RLIC alone from neuromuscular changes in the lower extremity that may occur as a consequence of motor training on the stability platform. The dominant side was selected because the muscles of the dominant upper extremity did not experience direct limb ischemia and that arm was not explicitly trained by other tasks. Muscle activation of the long finger flexors was measured during three trials of maximal isometric force measurements of grip strength. Participants were instructed to squeeze a handheld dynamometer with as much force as possible and to maintain that force for ϳ5 s, until the auditory cue "relax" was given. Approximately 10 s of rest was given between trials to prevent muscle fatigue. Muscle activation and strength measurements were taken for each participant at the pretest, before and after RLIC/sham conditioning in session D3 (within-session changes), and at posttest in session D7 (across-sessions changes).
Muscle activation was measured via EMG with surface electrodes positioned over the flexor digitorum superficialis and profundus muscle bellies on the dominant arm (Janda et al. 1987) . EMG was recorded with a sampling rate of 1,000 Hz and a tethered EMG system (Noraxon U.S.A.). EMG data were processed off-line in MATLAB R2012a (MathWorks, Natick, MA) with custom-written software. Signals were full-wave rectified and smoothed with a second-order Butterworth low-pass filter with a cutoff frequency of 20 Hz (Farina et al. 2004; Reaz et al. 2006) . EMG data were quantified by averaging the amplitude of the EMG activation during the middle 500 ms of each trial. The three trials were then averaged to yield a single value representing mean finger flexor muscle activation for a given measurement time. EMG electrodes remained in place on the participant's forearm between assessments in D3 (within session) for consistency. Grip strength performance was quantified as kilograms of force generated with the dominant hand when squeezing the handheld dynamometer (JAMAR hydraulic hand dynamometer, model SMP-5030J1, Sammons Preston) set on the third rung. Three grip strength trials were averaged to obtain a single score for a given session (Hamilton et al. 1994; Mathiowetz et al. 1984) .
Serum BDNF. We measured serum BDNF because animal models of intermittent hypoxia have shown increases in BDNF measured directly in the respiratory and nonrespiratory motor nuclei in the cervical spinal cord (Baker-Herman et al. 2004; Lovett-Barr et al. 2012; Mitchell et al. 2001; Satriotomo et al. 2012; Wilkerson and Mitchell 2009 ). Additionally, BDNF is the most commonly used serum marker in human learning studies at the present time (Cunha et al. 2010; Edelmann et al. 2014) . A 10-ml blood withdrawal via aseptic technique from the antecubital vein was performed by a trained patient care technician from the Washington University Clinical Research Unit. Blood samples were processed by staff at the Washington University CORE Laboratory. Blood was allowed to clot at room temperature for 30 min after collection (BD Vacutainer) and was then centrifuged (Jouan GR422) for 15 min at 2,780 g. The separated sample was stored in a Ϫ80°C freezer until analysis. Serum BDNF concentration was detected in an antibody sandwich format with a BDNF enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems). BDNF values are the concentration (ng/ml) in the serum of each sample. Each participant underwent a blood draw at pretest, before conditioning in session D3, and at posttest in session D7. A comparison of pretest and D3 values allowed us to evaluate the effects of 2 days of conditioning alone on serum BDNF concentration, while comparing values from pretest and posttest allowed us to evaluate the effects of repeated sessions of conditioning plus training on serum BDNF concentration.
Data analysis. Data were managed and stored in a secure REDCap database (Harris et al. 2009 ), and statistical analyses were done with SPSS Statistics 21 (IBM, Armonk, NY). In this proof-of-concept study, the criterion for statistical significance was set at ␣ Յ 0.05. We also examined our results at a more conservative level of 0.017 (0.05/3) to account for multiple comparisons. Actual P values are reported in the text, and interpretations are made based upon the original ␣-level; notations are made, however, when there is a discrepancy between significance at the original ␣-level and the adjusted ␣-level. Data were normally distributed. A repeated-measures ANOVA was used to analyze pain data, with a within-subject factor of time (7 levels: sessions D1-D7) and a between-subject factor of conditioning group (RLIC vs. sham conditioning). Mauchly's test of sphericity was performed to test the assumption of sphericity.
The analysis used to test our hypotheses involved computing change scores and their 95% confidence intervals (CIs) to quantify performance improvement from training (D7 Ϫ D1) and retention of training effects (FU1 Ϫ D7 and FU2 Ϫ D7) on the motor and cognitive tasks. Group differences between change scores were tested with independent-sample t-tests. Our hypothesis that RLIC enhances motor and cognitive learning would be supported by a significant between-group difference and 95% CIs that do not contain 0. Our hypothesis that RLIC enhances retention would be supported by significant between-group differences and 95% CIs for the RLIC group that do contain 0.
Change scores and 95% CIs for muscle activation and muscle strength measures were calculated within sessions (posttest D3 Ϫ pretest D3) and across sessions (D7 Ϫ D1), with group differences tested by independent-sample t-tests. We hypothesized that RLIC could enhance muscle activation and muscle strength both within and across sessions, as was found in a study using intermittent respiratory hypoxia (Trumbower et al. 2012) . A significant group difference would support this hypothesis. The same approach was also used to test whether RLIC influenced serum BDNF levels with changes from D3 Ϫ D1 evaluating an initial conditioning effect of RLIC and changes from D7 Ϫ D1 evaluating an overall across-sessions effect. We hypothesized that individuals in the RLIC group would experience increases in serum BDNF levels from pretest (D1) to D3 and posttest (D7) beyond those experienced by individuals in the sham conditioning group; this hypothesis would be supported by positive change score values with 95% CIs that do not contain 0 in the RLIC group. The overall statistical approach was chosen because our specific hypotheses were about magnitude of change over time, i.e., comparison of slopes, and not about comparison of absolute magnitudes. This approach allowed us to decrease the number of independent-sample t-tests and reduce irrelevant post hoc comparisons as we directly tested our hypotheses. Values in RESULTS are means [95% CI] unless otherwise indicated.
RESULTS
Participants. All 18 of the recruited adults were enrolled between May and August 2014 ( Table 1) . Half of the participants (n ϭ 9) were randomized to the RLIC group and half to the sham conditioning group. Most participants (15/18) reported that they believed that they were in the RLIC group; one of the three subjects who reported being in the sham conditioning group was in the RLIC group. There were no significant demographic differences between groups that underwent RLIC vs. those that underwent sham conditioning (Table 1) . All participants completed all nine sessions of the experiment with no serious adverse events, and no sessions had to be terminated for any reason. No periods of blood pressure cuff inflation were missed, paused, or terminated for any participant during any session. The results of a numerical pain rating scale are presented in Fig. 2 . Pain scores are shown for individual participants in the RLIC group ( Fig. 2A) and the sham conditioning group (Fig. 2B) as well as group averages (Fig. 2C) . Individual ratings of pain were variable; no person rated pain higher than a 4/10. The RLIC group experienced slightly greater pain than the sham conditioning group, as expected (main effect of group; F ϭ 49.335, df ϭ 1, P Ͻ 0.001), and pain decreased across conditioning sessions (main effect of time; F ϭ 3.714, df ϭ 6, P ϭ 0.002) for both groups. There was no group ϫ interaction effect (F ϭ 0.563, df ϭ 6, P ϭ 0.759). Mauchly's test of sphericity indicated that the assumption of sphericity was not violated [ 2 (20) ϭ 24.573, P ϭ 0.239].
Motor learning and retention. RLIC had a robust effect on motor learning (Fig. 3) . Individualized learning curves are Values represent counts or means Ϯ SD. Fig. 2 . Pain ratings for individual participants in the RLIC group (A) and the sham conditioning group (B) and mean pain ratings for each group (C). Error bars represent SD. Pain rating scale ranged from 0 (no pain or discomfort) to 10 (extreme pain and discomfort). The threshold for terminating remote limb ischemic conditioning (RLIC) or sham conditioning was a pain/discomfort rating of 6; thus the y-axis is set from 0 to 6. There was a significant difference in pain ratings between groups (RLIC Ͼ sham conditioning) at each time point, and both groups had decreased average pain rating over time.
provided for a RLIC participant (Fig. 3A) and a sham conditioning participant (Fig. 3B ). While both groups (Fig. 3C Fig. 4 . Overall, discriminability scores were low (chance ϭ 0; all correct ϭ 1) at the pretest and improved by the posttest (Fig. 4A) . Both groups had improved discriminability on the associative recognition task from pretest to posttest (RLIC: 0.33 [0.13, 0.53 43, 63 .70] ms), and there was no effect of RLIC on RT [t (14) ϭ Ϫ1.00, P ϭ 0.333].
Muscle activation and strength. RLIC alone did not result in increased muscle activation or muscle strength ( Serum BDNF. Neither participants in the RLIC group nor participants in the sham conditioning group had increased C: group data at pretest (D1), at posttest (D7), and at 2 and 4 wk follow-up sessions (FU1, FU2) ; data points represent the average of 5 trials, and error bars represent SD. Individuals in the RLIC group had significantly greater improvements in motor performance from pretest to posttest, and these improvements were retained at 2 and 4 wk follow-up. (Fig. 6, A and B) are provided along with group data (Fig. 6C) to highlight the within-subject variability of BDNF levels.
DISCUSSION
Our results indicate that combining RLIC with motor training results in significantly improved motor learning and retention in healthy adults. These changes in motor performance were not due to a generalized increase in muscle activation and/or muscle strength; nor were they associated with distinct changes in serum BDNF concentrations after conditioning or after training, relative to baseline. Despite our robust findings in the motor domain, RLIC did not enhance cognitive learning on a hippocampus-dependent memory task. To the best of our knowledge this study represents the first time that RLIC has been used to promote human motor learning. This paradigm is inexpensive and clinically feasible and could be easily implemented to enhance motor learning in individuals undergoing neuromuscular rehabilitation for brain injury and other conditions.
RLIC enhanced motor learning and retention. It was initially thought that the mechanisms through which RLIC affords protection to tissues involved neural pathways and an afferent signal from the remote organ that stimulated the efferent limb of the reflex in distant tissues (Gho et al. 1996) . This hypothesis was disputed, however, by a subsequent study in a porcine model that showed that RLIC led to protection within a transplanted heart that did not have intact afferent nerves (Konstantinov 2005) . Additional support for the theory that RLIC-facilitated protection is mediated by humoral factors was provided by a study that found similar protection against infarction following coronary artery ligation in rabbits that underwent RLIC themselves and those that were pretreated with plasma from donor rabbits who underwent RLIC (Shimizu et al. 2009 ). While the exact nature of signal transduction from remote tissue to target organ remains to be fully elucidated, the prevailing theory is that RLIC liberates one or more humoral factors that circulate to have multitissue protective effects (Hausenloy and Yellon 2009). The fact that we demonstrated a robust enhancement of motor learning in an activity that did not directly involve the use of the conditioned limb indicates that the mechanisms through which RLIC enhances neuroplasticity and motor learning are also likely to be humoral in nature.
Deafferentation, induced by upper limb ischemia, has been shown to cause reorganization of the contralateral motor cortex (Brasil-Neto et al. 1993; McNulty et al. 2002) . This deafferentation-induced reorganization can be purposefully modulated (Ziemann et al. 1998a) , and it has been hypothesized that it is due to a decrease in local GABA concentrations leading to a release of latent cortiocortical projections from tonic inhibition (Levy et al. 2002; Ziemann et al. 1998b ). Short-term deprivation of sensory input by ischemic nerve block also elicits functional changes in the homotopic regions of the cortex contralateral to the deafferented one through transcallosal interactions and GABAergic transmission (Werhahn et al. 2002) . We cannot rule out that some of same mechanisms may be involved; it is not likely, however, that they are the exact same mechanisms because there are significant differences between the protocols that were used in the limb deafferentation studies and ours. Most importantly, those studies investigated neuroplasticity in the cortical regions that corresponded to the deafferented limb or in the analogous motor region of the contralateral hemisphere, while we assessed motor learning in terms of performance on a standing dynamic balance task. Because performance on our stability platform balance task does not require the direct use of the conditioned upper extremity, it is extremely unlikely that the changes in balancing performance were a consequence of motor reorganization that resulted from cortical deafferentation that occurred during RLIC. Another key difference between the limb deafferentation studies and ours is that those studies used a single prolonged bout of limb ischemia rather than employing brief repeated cycles of ischemia followed by reperfusion. The cardio-and neuroprotective literature indicates that in virtually every species tested 5 min per bout of RLIC is optimal (Ishida et al. 1997) and that the systemic effects of RLIC are dependent on the alternating pattern of occlusion and reperfusion (Hausenloy and Yellon 2009; Ishida et al. 1997; Zhao 2009 ).
One possibility is that the pain induced by RLIC causes a release of factors that could have enhanced motor learning, given that pain is associated with a host of functional, anatomical, and chemical changes in the nervous system (Siddall 2013 ). However, we did not find any relationships between average pain rating and motor learning in our data (data not reported). Pain processing is highly complex, and while it can lead to neuroplasticity, the changes are found primarily in the somatosensory cortex (Flor et al. 1997) . Because performance on our stability platform balance task does not require the use of the upper extremity that received the sometimes painful stimulus, it is unlikely that the changes in balancing performance were a consequence of pain-induced sensory reorganization.
The data presented in this report also align well with findings from an emerging area of research investigating the potential of intermittent respiratory hypoxia, achieved by reducing the oxygen content of inhaled air, to induce plasticity. These studies demonstrate that exposing an animal to a transient state of respiratory hypoxia induces plasticity that manifests as a strengthening of spared pathways to motoneurons and improved motor recovery after neurological injury (Baker and Mitchell 2000; Fuller et al. 2003; Golder and Mitchell 2005; Ling et al. 2001; Lovett-Barr et al. 2012; Turner and Mitchell 1997) . Specifically, intermittent respiratory hypoxia improves both phrenic (Dale-Nagle et al. 2010; Fuller et al. 2003; Lovett-Barr et al. 2012 ) and forelimb (Lovett-Barr et al. 2012) motor function in rodent models of chronic cervical spinal cord injury. The cascade of molecular and epigenetic changes induced by intermittent respiratory hypoxia is complex, and it remains unclear whether there are shared mechanisms between those involved with plasticity after intermittent respiratory hypoxia and those activated by RLIC.
RLIC did not increase cognitive learning or retention. Given that the mechanisms by which RLIC leads to augmented plasticity in our study and to neuroprotective phenotypes are thought to be humoral, we anticipated enhanced learning to occur in both motor and cognitive domains. The most likely explanation for our finding is that the associative recognition task, which many participants reported to be extremely challenging, offered only a narrow dynamic range in which participants could improve. Overall performance on the associative recognition task was poor, and RT did not change over the course of training. The task was likely too difficult and therefore was not a good test of the hypothesis. An alternative explanation for our findings is that we did not detect an improvement in cognitive learning because of the specificity of the associative recognition task. While the motor task engaged many systems of the brain including the vestibular system, visual system, motor system, somatosensory system, and cognitive centers, the cognitive task that we used was largely hippocampally dependent (Bunge et al. 2004; Duzel et al. 2003; Yonelinas et al. 2001) . Tasks that require multiple brain regions or networks may generate a larger learning "signal" that would be more easily detected at the behavioral level. A nondeclarative, nonmotor task, such as a serial RT task, may be more analogous to the motor learning task that showed an effect of RLIC and could be used in subsequent studies. A task with a wider range should be used in future probes of cognitive learning.
RLIC did not cause an increase in muscle activation or muscle strength. The fact that we did not find changes, and more specifically large changes, within or across sessions at the neuromuscular level secondary to RLIC suggests that the observed motor performance gains were not a consequence of improved muscle activation or muscle force generation but rather due to learning of the complex relationship between stabilizing the balance board and controlling upright posture. In contrast to our findings, intermittent respiratory hypoxia appears to have a facilitative effect on the neuromuscular system in persons with incomplete spinal cord injury, with increased lumbosacral motor output (43 Ϯ 17% to 83 Ϯ 23%) and maximal voluntary plantar flexion torque (82 Ϯ 33%) occurring within a session (Trumbower et al. 2012 ) and augmented walking speed and endurance occurring across five sessions (Hayes et al. 2014) . Such a discrepancy may reflect differences between some or all of the specific mechanisms underlying plasticity following RLIC relative to those activated by intermittent respiratory hypoxia.
RLIC did not cause an increase in serum BDNF. Given that neurotrophic growth factors such as BDNF have key roles in many forms of neuroplasticity (Schinder and Poo 2000; Thoenen 1995 Thoenen , 2000 , and that BDNF is a key contributor to neuroplasticity resulting from intermittent respiratory hypoxia (Baker-Herman et al. 2004; Baker-Herman and Mitchell 2002; Wilkerson and Mitchell 2009 ), we hypothesized that increased BDNF production by hippocampal (Conner et al. 1997; Hall et al. 2000) and corticospinal (Giehl et al. 1998 ) neurons could be a mechanism by which RLIC enhances learning. Our serum BDNF data were highly variable and showed no consistent changes secondary to RLIC or training. One possible explanation for our negative BDNF result is that we measured serum BDNF, while studies in animal models measured BDNF content directly in the respiratory and nonrespiratory motor nuclei in the cervical spinal cord (Baker-Herman et al. 2004; LovettBarr et al. 2012; Satriotomo et al. 2012) . Another probable explanation for our findings is that serum BDNF is highly variable and is influenced by a multitude of factors including age (Lommatzsch et al. 2005; Katoh-Semba et al. 2007 ), sex (Lommatzsch et al. 2005) , exercise (Ferris et al. 2007; Tang et al. 2008) , sleep (Cirelli et al. 2006; Hairston et al. 2004 ), menstrual cycle (Cubeddu et al. 2011; Lommatzsch et al. 2005) , and genetics (Egan et al. 2003; Kleim et al. 2006) . We tried to minimize the external factors through our exclusion criteria and by maintaining consistency regarding the time of day that the blood was drawn, but many of these factors were beyond our control. Moreover, BDNF, if it does play a role in the observed phenotype, is likely only one of many factors involved in this mechanism. Future studies investigating the phenomenon of RLIC to promote motor learning could benefit from "bench-to-bedside" experiments in animal models in which more spatially and temporally dependent measures of BDNF and other potential mediators of plasticity can be measured.
Ideally there would already be an established serum biomarker of plasticity that we could use to assess the learning response to RLIC in humans. Unfortunately, at the present time there are no serum markers of neuroplasticity that accurately reflect physiological events underlying neuroplasticity (Corbett et al. 2014; Cramer et al. 2011; Jickling and Sharp 2011; Krakauer et al. 2012; Milot and Cramer 2008; PearsonFuhrhop et al. 2009 ). Knowledge of mechanisms gained from preclinical cardio-and neuroprotection experiments suggests that a threshold for tissue ischemia needs to be crossed to produce the desired effect and that, once the threshold is crossed, a cascade of adaptive signaling events ensues. Therefore, it might be wiser at this point in time to explore serum biomarkers of ischemic conditioning (Gidday 2006; Koch et al.
2014
). Because serum markers of ischemic conditioning suffer from the same challenges as those of neuroplasticity, future studies may consider screening a panel of potential serum markers from each of the major signaling pathways known to be altered by conditioning (Koch et al. 2014 ). This approach would permit simultaneous examination of changes in serum markers and behavior.
Conclusions and significance. The evidence presented here suggests that RLIC can enhance motor learning and retention in young adults. The effects of age, genetics, and comorbidities on responses induced by RLIC are not yet understood (Hausenloy and Yellon 2011). Future research is needed to explore the effects of each of these potential confounders and identify the characteristics of people who will be most responsive to the intervention. Additionally, before RLIC is introduced in a clinical population, optimal conditioning, training, and RLIC parameters need to be established that maximize learning effects while minimizing adverse responses (Brooks and Andrews 2013). Eventually, RLIC could represent a safe (BilginFreiert et al. 2012; Gonzalez et al. 2014) , inexpensive, and clinically feasible way to enhance motor learning and improve rehabilitation outcomes in individuals recovering from neurological injury or other motor impairment.
